in determining how a plant responds to moisture deficit stress.
duced when plants are grown under moisture deficit conadequate irrigation or precipitation events) is esditions because of a combination of stomatal and nonsential for successful crop production. Upland cotton is stomatal limitations (McMichael and Hesketh, 1982 ; no exception to this requirement. Although wild cotton Marani et al., 1985; Turner et al., 1986; Genty et al., 1987 ; lines inhabit regions of sparse precipitation (Lee, 1984) , Ephrath et al., 1990; Faver et al., 1996) . As in most plants, irrigation technologies are necessary for the successful leaf water potential (⌿ l ) is reduced under drought condicommercial production of cotton in arid regions. Irrigations, but cotton has the ability to osmotically adjust tion scheduling in desert-like environments such as Ariand maintain a higher leaf turgor potential (⌿ t ) (Turner zona and California has been perfected to the point of Nepomuceno et al., 1998) . consistently producing acceptable yield enhancements Although these controlled growth environment studin cotton production (Radin et al., 1992) . However, the ies have proven insightful, overall cotton growth and yield yield response of cotton to irrigation in the humid southis reduced when the root zone volume is constrained by eastern USA remains inconsistent (Pringle et al., 2003) . a finite container size (Carmi and Shalhevet, 1983) . How Understanding the nature of this inconsistent irrigation applicable these controlled-environment studies are to response requires a more thorough knowledge of cotton's what the plants would experience and respond to under response to varying types of moisture deficit stress. The natural field conditions is not clear. Similarly, the arid timing, duration, severity, and speed of development for environment, where the vast majority of field studies the moisture deficit stress undoubtedly play pivotal roles have been conducted, would tend to lead to early, rapid, and extreme moisture deficit stress developing in the alterations in response to moisture deficit stress.
Two soil moisture treatments (irrigated and dryland) were
The introduction of transgenic cotton varieties into used in the study. In 1998 In , 1999 In , and 2000 , the irrigated plots large-scale production has occurred within the last dec- ), and main-stem nodes were counted. Samples were dried for at least 48 h at 60ЊC, and dry weights were recorded.
MATERIALS AND METHODS
The percentage of photosynthetic photon flux density (PPFD) intercepted by the canopies was determined with a LI 190SB Field studies were conducted during the years 1998 to 2001 point quantum sensor (LI-COR) positioned above the canopy on a highly productive Bosket fine sandy loam (fine-loamy, and a 1-m-long LI 191SB line quantum sensor placed on the mixed, active, thermic Mollic Hapludalf) near Stoneville, MS.
ground perpendicular to and centered on the row. Two meaEight cotton genotypes, 'DPL 20', 'DPL 20B', 'FiberMax 819', surements were taken per plot, and the mean of those two 'MD 51 ne normal leaftype', 'MD 51 ne okra leaftype', 'Paymeasurements was used for statistical analyses. These meaMaster H1220', 'PayMaster 1220 BR', and 'STV 474', were surements were taken under clear skies at 68 and 90 DAP in grown under both irrigated and dryland conditions. DPL 20B 1998; 97 DAP in 1999; 68 and 90 DAP in 2000; and 53 (⌿ l ) for the youngest fully expanded leaf per plant (fourth or The experimental design was a randomized complete block fifth leaf from the top on the plant) were determined for with a split-plot arrangement of treatments. Five replicates leaves from three plants per plot with leaf cutter thermocouple were used from 1998 through 2000, and four replicates were psychrometers (JRD Merrill Specialty Equipment, Logan, UT). used in 2001. Two soil moisture treatments (irrigated and After rapidly cutting and inserting the leaf disk into the chamdryland) were the main plots and the eight genotypes comber, the samples were equilibrated for 3 h in a 30ЊC water prised the subplots. The soil moisture treatment main plots bath and then the ⌿ l was measured. At least four ⌿ l readings and genotype subplots were randomly assigned each year.
Experimental units or plots consisted of four rows 7.62 m long with a 1-m row spacing and were planted on 23 April were taken on each leaf disk after the period of equilibration.
Chl content determinations. One of the leaves had its leaf area Stable readings from the three psychrometers per plot were determined and dry weight measured (48 h at 60ЊC) to calcuaveraged together for subsequent statistical analysis. Followlate SLW. Leaf disks were collected from the second leaf for ing ⌿ l determinations, the samples were frozen overnight in Chl content assays. Chlorophyll was extracted over a 24-h pea Ϫ20ЊC freezer, then allowed to reequilibrate for another 3 h riod in darkness at 30ЊC from two 0.4 cm 2 leaf disks per leaf in the 30Њ water bath; then the leaf osmotic potential (⌿ ) was in 950 mL L Ϫ1 ethanol. The Chl concentration of the extract determined. Leaf turgor (⌿ t ) was estimated as the difference was then spectrophotometrically determined according to the between ⌿ l and ⌿ . methods of Holden (1976) . Leaf CER and other gas exchange parameters were meaStatistical analyses were performed by ANOVA (PROC sured on the youngest fully expanded, disease-free, fully sunlit MIXED, SAS Institute, 1996) . For traits where year interacted leaves in each plot with a LI-6200 portable photosynthesis with treatments, or genotypes and environmental effects assosystem (LI-COR) with a 1-L chamber. All measurements were ciated with year were identified, the results were presented taken between 0900 and 1200 CDT with individual leaves by year. When the treatment or genotype differences for a oriented perpendicular to the sun. The PPFD reaching the trait were consistent across years, then treatment or genotype adaxial leaf surfaces were Ն1600 mol m Ϫ2 s Ϫ1 on all measuremeans were averaged across years and the year interactions ments. Measurements were taken on two leaves per plot with with treatment or genotype were considered a random source the average of the two leaves used for all statistical analysis. of error. When statistically significant interactions were not Chlorophyll variable fluorescence/maximal fluorescence detected, treatment means were averaged across genotypes (Fv/Fm) ratios were taken on the same two leaves per plots and genotype means were averaged across treatments. Means as used in the CER measurements. In 1998, a CF-1000 Fluoreswere separated by a protected LSD at the P Յ 0.05 level. cence Measurement System (P.K. Morgan, Inc., Andover, MA) was used to make the measurements, while in 1999 (Schreiber et al., 1986) . The average of the two measurements per plot were used for the statistical analyses.
RESULTS

Soil Moisture Effects
To document alterations in CER and Chl fluorescence behavior at different times during the day, measurements were
The most obvious soil moisture deficit response across taken first before solar noon and then again after solar noon time is a reduction in plant stature. Because soil moison the same day in 2001. The two leaves measured before ture treatments did not interact with genotypes or years, solar noon were tagged and then measured again after solar treatment means were averaged across genotypes and noon on the same day. As with the other CER measurements, years. By the early bloom dry matter harvest, the moisthe PPFD reaching the adaxial leaf surfaces were Ն1600 mol ture deficit stress in the dryland plots had not become m Ϫ2 s Ϫ1 on all measurements.
severe enough to impact any of the growth parameters Upon completion of the CER and Chl fluorescence, the leaves were collected for specific leaf weight (SLW) and leaf measured ( Table 1) . None of the traits differed signifi- was not accompanied by higher stomatal conductance, The shorter stature and reduced LAI of the dryland and therefore produced a tendency for lower internal plants meant that those canopies intercepted less solar CO 2 concentrations and for the water use efficiency to radiation than canopies of irrigated plants (Table 1) . In be higher with dryland plants. While the maximum quanfact, the canopy PPFD interception differences between tum efficiency of PSII photochemistry, as measured by soil moisture treatments closely matched the LAI treatthe dark adapted Fv/Fm, did not vary between soil moisment differences. Similar to the LAI data, no soil moisture treatments, the light adapted PSII quantum effiture treatment differences were detected during the ciency (adapted at 650 mol m Ϫ2 s Ϫ1 PPFD) was 9% early bloom canopy PPFD interception measurements, greater in the dryland leaves compared with the irrigated but by late bloom, the dryland plants were intercepting leaves and allowed for a 9% greater electron transport 8% less PPFD than the irrigated plants.
rate in the dryland leaves (Table 4) . While qP was similar Water relations of the leaves as measured during the between soil moisture treatments, the nonphotochemical late bloom period were altered by the soil moisture treatquenching was 6% lower in leaves from the dryland plants. ments. Afternoon leaf water potentials were 36% more Photochemical quenching is caused by the oxidation of negative in leaves of the dryland plants compared with the primary electron acceptor (Q A ) of PSII; in the light leaves of the irrigated plants (Table 2) . Because the this is caused by electron transport through photosystem moisture deficit stress was slow to develop, the leaves I (PSI). Nonphotochemical quenching can be caused by of the dryland plants were able to osmotically adjust (i) the intrathylakoid acidification during light-driven proto the developing moisture deficit stress. This osmotic ton translocation across the membrane; (ii) increased disadjustment meant that while the dryland plants had a 30% more negative leaf osmotic potential, they were tribution of excitation energy to weakly fluorescent PSI at the expense of PSII excitation, regulated by phosThree out of four years, the leaves from the dryland plants averaged 19% greater Chl content than leaves phorylation of LHC II; and (iii) photoinhibition of photosynthesis (Krause and Weis, 1991) . These fluorescent from the irrigated plants (Table 6 ). This greater Chl content was accompanied by reduced leaf size in the dryland quenching results contrast with the findings of Genty et al. (1987) , who reported that qP was depressed by plants during three out of four years. During the only drought stress but that nonphotochemical quenching year when there was a statistical difference between soil was relatively unaffected for pot-grown cotton plants.
moisture treatment for SLW, the dryland plants had a To address the discrepancy between our higher morngreater individual leaf SLW than the irrigated plants, ing CER with dryland plants compared with the lower which matches the greater overall SLW for the dryland CER reported in the literature for drought-stressed plants, plants during the late bloom dry matter harvest (Table 1) . gas exchange and Chl fluorescence measurements were This higher leaf Chl content of the dryland leaves may taken both before and after solar noon on the same contribute to the higher morning CER for the dryland leaves at similar light intensities in 2001. There was a plants. By afternoon, the reduced leaf water potential morning vs. afternoon effect on the response of CER, overwhelmed any advantage the higher Chl content stomatal conductance, light adapted PSII quantum effigave the dryland plants and promoted the lower CER ciency, and photosynthetic electron transport rates to at that time of day relative to the irrigated plants (Faver the two soil moisture regimes (Table 5 ). Similar to the et al., 1996). morning CER and stomatal conductance measurements averaged across years, in 2001 dryland plants had a 6%
Genotypic Effects
greater morning CER but similar stomatal conductances Averaged across the soil moisture treatments, genocompared with irrigated plants. By the afternoon, the typic variation was detected for morning CER and many CER response had been reversed with leaves from the of the components of the photosynthetic process (Tadryland plants having a 6% lower CER than the irrible 7). Similar to previous research, the two okra leafgated plants. Accompanying this CER decline was a type varieties exhibited 30% higher CER on average 24% reduction in stomatal conductance for the dryland than any of the normal leaftype varieties (Pettigrew plants relative to the irrigated plants. While the maxiet al., 1993) . Although previous research indicated that mum quantum efficiency of PSII photochemistry did okra leaftype genotypes also had lower stomatal connot vary in response to the soil moisture treatments ductances (Pettigrew et al., 1993) , that was not found to during either the morning and afternoon measurement be the case with the okra leaftype lines used in this study. periods, the light adapted PSII quantum efficiency of The use of different genetic backgrounds containing the the dryland plant leaves was 10% lower in the afternoon okra leaftype trait between the two studies is probably compared with the irrigated, with a corresponding 10% reduction in photosynthetic electron transport rate. responsible for these contrasting stomatal conductance Table 5 . Cotton leaf gas exchange and chlorophyll fluorescence parameters measured on the same leaves in both the morning and afternoon as affected by two soil moisture regimes (dryland and irrigated) averaged across eight genotypes. (Pettigrew et al., 1993) . 
DISCUSSION
The moisture deficit response for many traits mearesults. The dark adapted Fv/Fm was no different for sured in this study are similar to moisture deficit rethe okra leaftype genotypes compared with the normal sponses for cotton grown in arid field conditions or in leaftype genotypes; however, the okra leaftype lines had artificial environments of growth chambers and greena 14% greater light adapted PSII quantum efficiency houses. The reduced plant stature and LAI under moisand 14% greater photosynthetic electron transport rate ture deficit stress (Table 1 ) are similar to that reported compared with the normal leaftype genotypes. Nonphotoby Jordan (1970), McMichael and Hesketh (1982) , Turner chemical quenching was also 11% lower in the okra leafet al. (1986) , Ball et al. (1994), and Gerik et al. (1996) . type genotypes relative to the normal leaftype genotypes.
Reduction in leaf area expansion under moisture deficit The okra leaf trait reduced the individual leaf area conditions (McMichael and Hesketh, 1982; Turner et al., 37% relative to the comparable normal leaftype leaves 1986; Ball et al., 1994) undoubtedly lead to the smaller (Table 8) . MD 51 ne okra leaftype had 16% greater leaf leaf sizes of the youngest fully expanded leaves used in Chl content compared with MD 51 ne normal leaftype, the photosynthesis measurements for the dryland plants. its normal leaftype near-isogenic pair. While this result The higher SLW of the dryland plants is similar to that is similar to the greater leaf Chl content for okra leaftype reported by Wilson et al. (1987) . This combination of lines reported previously (Pettigrew et al., 1993) , Fiberreduced plant stature with fewer and smaller leaves lead Max 819 did not exhibit significantly greater leaf Chl to the dryland canopy intercepting less PPFD during content than many of the normal leaftype genotypes. the late bloom period, when the moisture deficit was at This contrasting result is probably because of the comfull development, than the irrigated canopy (Table 1) . parison involving different genetic backgrounds in addiAlthough many previous studies have documented retion to different leaftypes. The two okra leaftype lines duced photosynthesis associated with moisture deficit used in this study also did not exhibit higher SLW relastress (McMichael and Hesketh, 1982; Marani et al., 1985 ; tive to the normal leaftype genotypes, which is in con- Turner et al., 1986; Genty et al., 1987; Ephrath et al., 1990; Faver et al., 1996) and the further depression of trast to greater SLW for the okra leaftype trait in a photosynthesis as the day progressed into the afternoon plant stature and LAI, promoting an accompanying reduction in the solar radiation intercepted by the canopy. (Turner et al., 1986; Puech-Suanzes et al., 1989; Ephrath et al., 1990; Ephrath et al., 1993) , this study conducted Although there is less leaf area intercepting a reduced portion of the incoming solar radiation, leaves from dryunder humid environmental conditions is the first to document a moisture-deficit stress-induced elevated pholand plants have the potential for elevated photosyntosynthesis in the morning before plummeting to lower thetic performance during the morning hours when the photosynthetic rates in the afternoon compared with irhydraulic status of the plants is still at an acceptable level. rigated plants (Table 5 ). This study also documented that As the day progresses and evapotranspirational demand while the dark adapted Chl, fluorescence Fv/Fm (maxiexceeds the moisture recharging capacity of the plant mum PSII quantum efficiency) was not altered by the soil and soil, the hydraulic status of the plant deteriorates to moisture treatments, the light adapted PSII quantum efthe point of causing the photosynthetic reduction seen ficiency and photosynthetic electron transport of the during the afternoon relative to irrigated plants. This dryland leaves were greater during the morning before polarity of photosynthetic performance throughout the falling below levels exhibited by the irrigated leaves in day of the dryland plants relative to irrigated plants may the afternoon. Data from this research indicate that both help to explain some of the irrigation inconsistencies for stomatal and nonstomatal factors contributed to this aflint yield production in the humid southeastern USA. ternoon photosynthetic decline in the dryland leaves.
The consistency of the moisture deficit response across Smaller leaves with occasionally greater SLW for the genotypes indicates that the current transgenic varieties dryland plants (Table 6 ) leads to speculation of a higher are not more susceptible to soil moisture deficit than concentration of photosynthetic apparatus per unit leaf the current conventional varieties. area for the dryland plants. This speculation is reinforced by the 19% greater Chl content of the dryland plant leaves.
any differently to moisture stress than did their conven- In conclusion, soil moisture deficit stress in the humid for tolerance to water stress in cotton genotypes: Photosynthesis, stomatal conductance and transpiration. Photosynthetica 28:383-390.
environment of the mid-southern USA reduces cotton
